Abstract In most current farming system classifications (e.g. "conventional" versus "organic"), each type of farming system encompasses a wide variety of farming practices and performances. Classifying farming systems using concepts such as "ecological", "sustainable intensification" or "agro-ecology" is not satisfactory because the concepts "overlap in…definitions, principles and practices, thus creating…confusion in their meanings, interpretations and implications". Existing classifications most often focus either on biotechnical functioning or on socio-economic contexts of farming systems. We reviewed the literature to develop an original analytical framework of the diversity of farming systems and agriculture models that deal with these limits. To describe this framework, we first present the main differences between three biotechnical types of farming systems differing in the role of ecosystem services and external inputs: chemical input-, biological input-and biodiversity-based farming systems. Second, we describe four key socio-economic contexts which determine development and functioning of these farming systems: globalised commodity-based food systems, circular economies, alternative food systems and integrated landscape approaches. Third, we present our original analytical framework of agriculture models, defined as biotechnical types of farming systems associated with one or a combination of socio-economic contexts differing in the role of relationships based on global market prices and "territorial embeddedness". We demonstrate the potential of this framework by describing six key agriculture models and reviewing key scientific issues in agronomy associated with each one. We then analyse the added value of our analytical framework and its generic character. Lastly, we discuss transversal research issues of the agriculture models, concerning the technologies required, their function in the bioeconomy, their multi-criteria and multi-level assessments, their co-existence and the transitions between them.
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Introduction
Croplands and pastures cover about 38% of Earth's ice-free land. They are the largest use of land on the planet (Foley et al. 2011) . During the first half of the twentieth century, agricultural issues were mainly related to crop sequence diversity and management of soil organic matter and biological processes. In the 1940s and 1950s, a divergent view became dominant: using manufactured fertilisers and pesticides instead of diverse rotations to reach high yields (Drinkwater and Snapp 2007; Goulding et al. 2008; Savary 2014) . The "Green Revolution", also called "industrial agriculture", based on this paradigm increased significant productivity of the main agricultural crops (Tilman et al. 2001 ; Box 1). Sections 1.1. Paradigm increased significant productivity of the main agri-cultural crops (Tilman et al. 2001 ; Box 1). To some extent, it helped address food security issues while limiting transformation of natural ecosystems into agricultural ones (Green et al. 2005) . To some extent, it helped address food security issues while limiting transformation of natural ecosystems into agricultural ones (Green et al. 2005) . Availability and use of cheap fossil fuel, manufactured inputs based on fossil fuel, irrigation, mechanisation and genetically improved (or high-yielding) cultivars and animal breeds were the main technologies underpinning this new model of agriculture (Gomiero et al. 2011; Goulding et al. 2008; Pretty 2008; Tilman et al. 2001) . Inputs were used to boost yield per hectare, while machinery and infrastructure (e.g. for irrigation) increased the productivity of labour (Arizpe et al. 2011) . Over the past few decades, however, this industrialisation and intensification of agriculture were recognised over time to cause significant negative environmental impacts. Main features of industrial agriculture and its negative environmental impacts are detailed in Box 1.
Since the 2000s, environmental impacts of industrial agriculture have been considered so important that Foley et al. (2011) claim that "agriculture is a major force driving the environment beyond the planetary boundaries" as defined by Rockström et al. (2009a, b) . Likewise, the "International Assessment of Agricultural Knowledge, Science and Technology for Development" (IAASTD 2009 ) concluded, "business as usual is not an option". Foley et al. (2005) stated that "modern agricultural land-use practices may be trading short-term increases in food production for long-term losses in ecosystem services, including many that are important to agriculture." As a consequence, the need for farming systems which are sustainable as well as productive, less dependent on fuel-and chemical-based inputs and preserve the environment has been increasingly expressed over the past few decades (IAASTD 2009; MEA 2005) .
In the quest for sustainable agriculture, many authors seek to identify and qualify sustainable farming practices or systems using terms such as "biodynamic", "community-based", "ecoagriculture", "ecological", "environmentally sensitive", "extensive", "farm-fresh", "free-range", "low-input", "organic", "permaculture", "precision", "smart", "diversified", "integrated" and "conservation" (e.g. Pretty 2008; Garbach et al. 2016 ). Intense debate continues over whether farming systems described by some of these terms can be qualified as sustainable (Pretty 2008) . Many of the most-used terms encompass a wide diversity of farming systems with a wide diversity of environmental and socio-economic performances. For example, organic agriculture, often considered the opposite of conventional agriculture and a possible model for sustainable agriculture, encompasses a wide range of farming systems with differing degrees of diversification and performance (Reeve et al. 2016; Seufert et al. 2012) . The same holds true for conservation agriculture, which can describe farming systems based on one, two or all three of its pillars: minimum tillage, permanent soil cover and diversified rotations (Pittelkow et al. 2015) . Some of the terms used to describe farming systems refer more to the nature of the technologies used (e.g. precision agriculture), while others refer to how agricultural activities are combined in space and time or at different organisational levels, e.g. "integrated crop-livestock systems" . Furthermore, most of these terms focus on inputs, agricultural practices, productions or impacts on the environment, but they do not explicitly consider how farming systems interact with their socio-economic environment at local or global levels and, consequently, their mutual effects. Other more general terms are used to describe potential forms of transition towards sustainable agriculture, the most used being "ecological intensification", "sustainable intensification" and "agroecological intensification". These three concepts, however, "overlap in…definitions, principles and practices, thus creating…confusion in their meanings, interpretations and implications. […] These blurred boundaries currently contribute to the use of these terms for justifying many
Nitrogen use and impacts
Since the 1960s, use of mineral nitrogen fertilisers has grown approximately 7-fold, while overall yield has increased only 2.4-fold (Hirel et al. 2011; Tilman et al. 2002; Spiertz 2010) . Currently, about 64% of the reactive nitrogen (which excludes non-reactive N 2 gas) linked to human activities is created by the Haber-Bosch process. Approximately 80% of the Haber-Bosch-based nitrogen is destined for agricultural activities. Only 20% of the reactive nitrogen linked to human activities comes from cultivation-induced biological nitrogen fixation, mainly in crop, pasture and fodder legumes (Galloway et al. 2008) . According Spiertz (2010) soya bean represents 50% of the worldwide area of crop legumes and contributes approximately to 75% of the nitrogen fixed by crop legumes. Comparison of increases in overall yields and nitrogen fertiliser use show a drastic global decrease in nutrient use efficiency (Hirel et al. 2011; Tilman et al. 2002) . In most intensive agricultural production systems of the OECD, on average, over 50% of the nitrogen applied to fields is not taken up by plants (Hoang and Allaudin 2011) . Analysis of the "nitrogen cascade" shows that nitrogen not used by plants is emitted mostly to rivers and the atmosphere (Galloway et al. 2003 (Galloway et al. , 2004 with potential harmful effects on freshwater and marine ecosystems, climates changes and human health (Beman et al. 2005; Bodirsky et al. 2014; Camarguo et al. 2006; Giles 2005; Umar and Iqbal 2007) .
Phosphorus use and impacts
Roughly the same phenomena for nitrogen holds true for phosphorus (see Smil 2000) . Annual use of rock phosphate, a non-renewable resource, to produce fertilisers has increased 6-to 7-fold since 1960, and its current global reserves may be depleted in 50-100 years. About 85% of global demand for phosphorus is for fertiliser production (Cordell et al. 2009 ). Tilman (2002) indicates that phosphorus fertilisers have contributed to a 2-fold increase in annual terrestrial mobilisation of phosphorus globally. Rosmarin (2004 , in Cordell et al. 2009 ) estimates that about 25% of phosphorus mined since 1950 is buried in landfills or has ended up in water bodies, leading to eutrophication problems.
Pesticide use and impacts
Along with the increase in fertiliser use, pesticide production increased roughly more than 3-fold from 1960 to 2000 (Tilman 2001 ). Use of pesticides has raised strong concerns about their potential negative consequences on biodiversity (Geiger et al. 2010; Gibbons et al. 2014) , including stream invertebrates (Beketov et al. 2013) , as well as on human health (Nicolopoulou-Stamati et al. 2016; Wilson and Tisdell 2001) . The overall cost of pesticides, i.e. regulatory, human-health, environmental, and defensive expenditures, is increasingly considered, raising questions about their cost-benefit ratios (Bourguet and Guillemaud 2016) . Intensive use of pesticides also increasingly raises problems of pest resistance (e.g. for weeds Kraehmer et al. 2014; Powles and Yu 2010) , which has become more difficult to control (Powles and Yu 2010) . Pesticides also can have substantial negative impacts on biological regulation (ecosystem) services (e.g. Emmerson et al. 2016; Geiger et al. 2010) .
Irrigation and water scarcity
Due to the 2-fold increase in irrigated cropland in the past 50 years, 70% of global freshwater withdrawals and 80-90% of freshwater consumption are devoted to irrigation. In many irrigated regions, they strongly increased water scarcity and compound salinization issues (Foley et al. 2011; Gomiero et al. 2011) .
Tillage, bare soil and soil degradation Due to high tillage intensity and the increase in bare soil in simplified rotations, soil erosion has strongly increased over the past 50 years, decreasing soil fertility greatly. About 40% of cropland worldwide may be experiencing some degree of soil erosion, reduced fertility, or overgrazing (Gomiero et al. 2011) .
Use of fossil energy and climate impacts
Due to its intensive use of external fuel-based inputs and direct consumption of fuel, industrial agriculture depends greatly on fossil energy, a source of greenhouse gas emissions (Arizpe et al. 2011; Smith et al. 2008; West and Marland 2002) . Agriculture represents 52% and 84% of global anthropogenic methane and nitrous oxide emissions, respectively, while the net flux of carbon dioxide from agricultural soils seems small (Smith et al. 2008) .
Farming system specialisation, landscape simplification and biodiversity degradation Mechanisation and intensive pesticide use allowed farmers to simplify crop rotations drastically and develop short rotations or monocultures that often caused yield to decline or stagnate (Bennett et al. 2012) . In certain regions, development of these specialised cropping systems greatly simplified spatial crop patterns. This was often accompanied by an increase in field size and the removal of or decrease in areas of remnant non-crop habitats (Bianchi et al. 2006; Stoate et al. 2001 ). This landscape simplification has strong impacts on regulation ecosystem services such as biological regulation services (Bianchi et al. 2006; Rusch et al. 2016; Tscharntke et al. 2005 ) and regulation of liquid and mass flows (Verhagen et al. 2016) , as well as on the biodiversity influenced by landscape heterogeneity (Benton et al. 2003; Gàmez-Virués et al. 2015; Tscharntke et al. 2005) . Box 1. Main features of industrial agriculture and its negative environmental impacts different kinds of practices and interventions" (Wezel et al. 2015) .
To clarify this debate, social-science research distinguishes opposing paradigms representing distinct pathways towards sustainable agriculture: "shallow versus deep sustainability" (Hill 1998) , "weak versus strong multi-functionality" (Wilson 2008) , "weak versus strong ecological modernisation of agriculture" (Horlings and Marsden 2011) and "life sciences versus agro-ecological vision" (Levidow et al. 2012) . Elaborating on these classifications from an agronomic perspective, Duru et al. (2015a, b) describe two main pathways for ecological modernisation of agriculture by considering the role of ecosystem services.
The first modernisation pathway addresses environmental issues by increasing efficiency of external input use (e.g. fertilisers, pesticides, water), recycling wastes or by-products of one sub-system inside another (Kuisma et al. 2012 ) and applying best management practices (Ingram 2008) or precision-agriculture technologies (Rains et al. 2011) . One key variant of this pathway is based on replacing most or all chemical inputs with biological inputs (Singh et al. 2011) or genetically modified organisms (Godfray et al. 2010) . In accordance with the Hill (1998) classification, Duru et al. (2015a, b) call both pathways "efficiency/substitution-based agriculture", using the term "agriculture" to refer to these two types of farming systems. Further in the text, we refer to these two types of farming systems as "input-based farming systems", distinguishing when necessary "chemical input-based" systems, which implement an efficiency-based pathway, from "biological input-based" farming systems, which implement a substitution-based pathway (see Sect. 2).
The second main pathway aims to strongly enhance the ecosystem services provided by biodiversity to agriculture (Zhang et al. 2007 ). These ecosystem services depend on the level and management of biodiversity at field, farm and landscape levels (Duru et al. 2015a; Kremen et al. 2012 ). This approach, called "biodiversity-based" by Duru et al. (2015a, b) , seeks to develop diversified cropping and farming systems or even landscapes to enhance ecosystem services for both farmers and society and to drastically reduce the dependence on external inputs. This introduces a paradigm shift in the objectives and expected performances of farming systems (Caron et al. 2014; Levidow et al. 2012) . Importantly, external inputs and technologies to increase their efficiency can also be used in biodiversity-based farming systems. Developing biodiversity-based farming systems requires extensive redesign of farming systems (Hill 1998) .
In a recent review, Duru et al. (2015b) highlighted that developing biodiversity-based farming systems requires changing both natural-resource management strategies and agricultural supply chains (see also Meynard et al. 2016 ; Fig. 1 ). However, it remains unclear which types of socioeconomic contexts can favour their development. More generally, to our knowledge, there is a lack of analytical framework to describe relationships between the diversity of biotechnical functioning of farming systems and that of their socio-economic contexts.
Based on a literature review, the first objective of this article is to elaborate on the above classifications to develop an analytical framework of models (or forms) of agriculture that address the characteristics of and interactions between the biotechnical functioning of farming systems and the socio-economic contexts in which they are embedded. The second objective is to use this framework to identify key models of agriculture and their associated and transversal research issues in agronomy. The framework was developed and used to analyse agriculture models that address environmental issues of industrial agriculture in regions where this agriculture model developed, such as intensive agricultural zones in OECD countries.
The framework is progressively presented in the three following sections of the article. In the second section, we present the main biotechnical differences between chemical input-, biological input-and biodiversity-based farming systems, considering the role of ecosystem services and external inputs in the agricultural production process. In the third section, we describe key socio-economic contexts which determine development and functioning of these farming systems: globalised commodity-based food systems and three types of territorial contexts, i.e. circular economies, alternative food systems and integrated landscape approaches. In the fourth section, we present our original analytical framework of agriculture models, defined as biotechnical farming systems embedded in socio-economic contexts differing in the role of relationships based on global market prices and "territorial embeddedness". We demonstrate the potential of this framework by describing six key agriculture models, identified because they are the main existing and studied models and raise major agronomic issues. When describing agriculture models, we also review key scientific issues in agronomy associated with each one. We then discuss the added value of our analytical framework and the agriculture models identified and their generic character. Lastly, we discuss transversal research issues of the agriculture models concerning the technologies required, their function in the bioeconomy, their multicriteria and multi-level assessments, their co-existence and the transitions between them.
2 Farming systems according to the role of ecosystem services and external inputs During the Green Revolution, farmers sought to develop the most suitable conditions for crop and animal growth. Thus, they used high-producing cultivars and breeds to increase "growth-defining" factors (production potential in a given climate) and implemented agricultural practices to control abiotic growth-limiting factors (water and nutrients) and biotic growth-reducing factors, i.e. pathogens, animal pests and weeds (Ittersum and Rabbinge 1997) . In addition, they endeavoured to improve physical and chemical components of soil quality (with drainage, liming or tillage) to ensure the best conditions for root growth and functioning and, consequently, input-use efficiency. In some cases, local climate conditions (e.g. hedges to regulate wind and evapotranspiration) were also improved.
After Costanza et al. (1997) and Daily (1997) , the Millennium Ecosystem Assessment (2005) highlighted that human welfare depends strongly on ecosystem goods and services. Zhang et al. (2007) highlighted that agriculture both provides and benefits from ecosystem services. Bommarco et al. (2013) and Duru et al. (2015a) clarified the status of ecosystem services in agricultural production, highlighting that regulation services influencing soil fertility (soil structure and nutrient cycling), water storage and pest control are the key services provided by ecosystems to farmers. Duru et al. (2015a) clearly explained that developing ecosystem services provided to farmers is one way to deal with growth-defining, growth-limiting and growthreducing factors and thus to reduce use of external inputs. As such, following Le Roux et al. (2008) , they call them "input ecosystem services". The portion of agricultural production which depends on input ecosystem services (versus external inputs) is a function of the paradigm on which farming systems are based: input-based or biodiversity-based ( Fig. 2 ; see introduction; Duru et al. 2015a) . It is important to keep in mind that even input-based farming systems depend on ecosystem services and that biodiversity-based farming systems can use external inputs (Bommarco et al. 2013; Duru et al. 2015a ; Fig. 2 ). According to the analyses of Duru et al. (2015a, b) and Duru and Therond (2014) , and in agreement with the analysis of Gliessman (2007, p. 278) , we distinguish the three main biotechnical types of farming systems (Fig. 2) .
Chemical input-based farming systems
Farming systems of industrial agriculture are based on strongly simplified crop sequences, standardised crop management and systematic use of chemical inputs: Haber-Bosch-based nitrogen and pesticides. They also rely on potassium and phosphorus fertilisers and, in irrigated areas, on water withdrawals (Box 1). To avoid the risk of limited or reduced yields, farmers often apply more fertilisers and pesticides than needed due to their relatively low prices (Caron et al. 2014; Cordell et al. 2011; Struik et al. 2014 ). To address current economic constraints and environmental regulations, these chemical input-based farming systems currently seek to optimise inputs according to spatiotemporal plant/animal requirements and to limit pollution (Fig. 2) . In other words, to deal with sustainability issues and regulations, farmers managing chemical input-based farming systems follow an efficiency-based modernisation pathway (Hill 1998; Introduction) . Most often, it corresponds to incremental adaptations of farming systems (Park et al. 2012) . One challenge is to accurately assess the levels of input ecosystem services in time and space to optimise the amounts of additional external inputs required to reach desired production levels. Precision-agriculture technologies based on sensors in the soil or on the crop, machinery, drones, planes and satellites allow monitoring of the dynamics of multiple variables and optimisation of required inputs. They are well developed to deal with nutrient cycling (especially nitrogen) and weeds (e.g. weeding robots, targeted pesticide applications). In addition, farmers use cultivars and animal breeds which are less sensitive to limiting or reducing factors while exhibiting yields which are as high or higher (defining factors). These technologies may allow farming systems to increase input-use efficiency, reduce environmental impacts and, depending on the technology costs, economic performance. Amortising these technologies may lead farmers to continue to increase the size of their farm to reach suitable economies of scale. Environmental regulations can lead farmers to introduce more substantial changes, such as cover habitats, in which biodiversity-based farming systems aim to develop ecosystem services from field to landscape levels (Sect. 2.3), possibly to feed alternative food systems (Sect. 3.3) crops in nitrogen-sensitive areas or landscape features that minimise diffusion of pollutants in aquatic ecosystems. In this case, sowing and destruction dates of cover crops are determined to comply with environmental regulations.
Biological input-based farming systems
Given societal reluctance to chemical pesticides as well as human and ecosystem health issues, some farmers seek to replace all or some chemical inputs with more "environmentally friendly inputs" while still managing a simplified farming system (Fig. 2) . As such, to develop biological input-based farming systems, they implement a substitution-based modernisation pathway (Hill 1998, Introduction) . Most often, it requires incremental adaptation (pure substitution) or system adaptations such as cropping system adaptations (Park et al. 2012) . All technologies (e.g. precision agriculture) used in chemical input-based farming systems can also be used in this type of farming system. Beyond the classic use of organic fertilisers as substitutes for inorganic ones, new biocontrol practices are developed to mimic the ecological functioning of diversified agro-ecosystems while being applied in short rotation-or monoculture-based cropping systems. By using industrially developed natural enemies (e.g. trichogram in maize) and other service-providing organisms (e.g. azotobacters, probiotics, arbuscular mycorrhizal fungi), soil biostimulants and bioinoculants, farmers seek to develop ecological processes underpinning ecosystem services which naturally arise in diversified ecosystems (Lemanceau et al. 2015; Philippot et al. 2013) . They can also use biopesticides to avoid eco-toxicity of chemical pesticides. These technologies might enable development of input ecosystem services in the short, medium or long term.
Biodiversity-based farming systems
In biodiversity-based farming systems, developing input ecosystem services requires increasing species/cultivar/ breed diversity (e.g. intercropping, diversified field edges, crop sequences) and soil cover (cover crops) while minimising mechanical and chemical disturbances of beneficial biological processes ( Fig. 2) (Duru et al. 2015a ). One challenge is to develop and manage planned biodiversity from fields to field borders (e.g. edges, flower strips) up to the farmland area to increase ecosystem services. Regarding biological regulations, two main complementary strategies can be distinguished: (i) developing direct effects of plant biodiversity on pathogens, animal pests and weeds via, for example, traps, barriers and resource dilution effects and the breaking of pest cycles ("bottom-up" effects) and (ii) developing effects of planned biodiversity and noncrop habitats on naturally occurring associated biodiversity, which provides biological control of weeds and animal pests ("top-down" effects of natural enemies) (Altieri 1999; Fahrig et al. 2011; Letourneau et al. 2011; Ratnadass et al. 2012; Tscharntke et al. 2005 Tscharntke et al. , 2012 .
Ecosystem services External inputs

Main objectives
Main When biodiversity-based farming systems use chemical or biological inputs to increase production beyond the level allowed by input ecosystem services alone, they must use them sparingly to avoid reducing expected short-and longterm benefits of the input ecosystem services (Duru et al. 2015a; Pisante et al. 2015) . As shown by Biggs R et al. (2012) , to increase the level and resilience of ecosystem services, these farming systems must manage three key properties of agricultural ecosystems: diversity-redundancy, connectivity and slow variables. While management of the first is commonly identified in the literature on agroecosystems, management of the latter two is mentioned less often. Connectivity among biophysical entities determines circulation of matter (including organisms) and energy and thus the system's performance. It influences the abilities of species to disperse to other habitats and/or complete their life cycles (Tscharntke et al. 2005) . The state of slow variables (e.g. soil organic matter, trophic networks) influences dynamics of associated fast variables (e.g. nutrient and water cycling, biological regulations). Short-, middle-and long-term management of slow variables determines daily (e.g. soil nitrogen and phosphorus availability, biological regulation), yearly (e.g. soil structure) and, by nature, long-term system functioning (e.g. soil organic matter and trophic network dynamics). By managing these three properties over multiple scales, farmers may greatly increase ecosystem integrity, i.e. its self-organising capacity (Müller et al. 2000) . Most often, developing a biodiversity-based farming system requires transformational changes (Park et al. 2012) . It is important to keep in mind that using living biological inputs or biostimulants in biological input-based farming systems can be a step towards developing biodiversity-based farming systems: farmers begin developing production systems based on biodiversity, even if biological inputs are industrially manufactured and imported into the agricultural ecosystem (e.g. industrially developed natural enemies).
In biodiversity-based farming systems, agricultural practices (including species and cultivar choices) to provide high levels of input ecosystem services are site-dependent (Caron et al. 2014; Duru et al. 2015a; Giller et al. 2015; Lyon et al. 2011; Tittonell et al. 2012) . Thus, agricultural practices are considered as "situated action" (Crane et al. 2011) . Managing uncertainties in effects of agricultural practices on ecological processes and, in turn, on ecosystem services, requires implementing an adaptive management strategy. This corresponds to experiential learning about system functioning based on iterative cycles to design and implement actions and to monitor and assess their effects (Duru et al. 2015a) . Local networking among farmers allows for social learning of management strategies, which helps farmers to cope with these uncertainties (Moore 2011). 3 Socio-economic contexts which determine farming system functioning Farming systems are parts of food systems, which consist of many institutions, technologies and practices to produce, process, package, distribute, sell and consume food. The first four of these activities constitute the "food supply chain" or "agrofood supply chain". The food system encompasses the upstream portion of the production process, which includes the supplying of inputs to farming systems. According to Capone et al. (2014) , "food systems influence not only what is being consumed and how it is produced and acquired, but also who is able to eat and how nutritious their food is". Food systems encompass interactions between activities related to food and non-food agricultural commodities. Institutions and practices for managing natural resources (e.g. water, soil, biodiversity) used in agriculture, i.e. the social sub-system and dynamics of socio-ecological systems, strongly interact with farming and food systems (Duru et al. 2015b; Foran et al. 2014) .
Dominant food systems are based on complex, industrial and globalised food supply chains of generic standardised products in which relationships and competition are centred on global market prices (Fig. 3) . Their main characteristics are described in Sect. 3.1. Conceptualised in opposition to these "conventional food systems", "alternative food systems" are developed at the local, regional or even global levels (Murdoch et al. 2000) (Fig. 3; Sect. 3.3) . One classic way to distinguish these different food systems clearly is to estimate their embeddedness, i.e. the degree to which social dimensions mitigate purely economic relationships and behaviours (Murdoch et al. 2000; Penker 2006; Sonnino and Marsden 2006) . Penker (2006) identified three key dimensions of embeddedness of economic activities within food systems: (i) the social context, i.e. the nature of relationships between people in the food network (e.g. trust, transparency, fair trade); (ii) the spatial background associated with agricultural products, i.e. representation of the regions where food originates; and (iii) the nature background associated with products, i.e. food production processes, including agricultural practices and their impacts on the environment and health. This allows describing the territorial embeddedness of food systems (Sonnino and Marsden 2006; Fig. 3) .
By definition, food systems determine opportunities for possible inputs to farming systems, markets for farming system production and, in turn, their biotechnical functioning. Other key socio-economic contexts can determine the inputs, agricultural practices and productions of farming systems (Fig. 3) . Farming systems can be involved in circular economies that seek to locally or regionally close loops of matter and energy and in turn decrease natural resource use, waste and pollution (Ghisellini et al. 2014) . They can also be involved in rural development projects based on an integrated landscape approach (Freeman et al. 2015) . Concerning agriculture, these development projects can meet sustainability objectives through the development of synergies between circular economies, alternative food systems and collective landscape management. The main characteristics of circular economies and integrated landscape approaches are respectively presented in Sects. 3.2 and 3.4 and outlined in Fig. 3 . As explained hereafter, circular economies, alternative food systems and integrated landscape approaches are three different and potentially complementary types of socio-economic contexts which can increase territorial embeddedness of agriculture's economic activities relative to those in globalised commodity-based food systems, which are strongly determined by global market prices (Fig. 3) .
Globalised commodity-based food systems
Development of industrial agriculture in OECD countries is based on increasing productivity and efficiency via industrial processes and standardised techniques throughout the entire food system. It has pushed farmers to produce as much as possible for the lowest cost and has prompted the specialisation of farming systems and regions according their comparative advantages (Lyson and Guptill 2004; Murdoch et al. 2000; O'Kane 2012) . It is underpinned by techno-scientific knowledge about the industrial and standardised procedures and techniques involved in production, processing and distribution (Levidow et al. 2012; Lyson and Guptill 2004; Murdoch et al. 2000) . In this type of food system, industrial processing is used to produce large amounts of food which are inexpensive, convenient, safe and attractive. More generally, these food systems "circumvent" or "outflank" nature in the food sector by replacing natural processes or products with industrial processes that obscure the origins of food (Murdoch et al. 2000) , producing "food from nowhere" (Campbell 2009 ). This has resulted in the strong development of trading generic and standardised commodities (Murdoch et al. 2000) .
The use of widely distributed standardised technology and techniques to produce generic products with no specific quality characteristics causes competition to become centred on prices. Accordingly, social relationships are strongly influenced by economic and commodity relations, i.e. "disembedded" (Murdoch et al. 2000; Penker 2006 ). However, several authors (e.g. Murdoch et al. 2000; Sonnino and Marsden 2006) claim that globalised food systems are not as territorially disembedded as they seem, as they are rooted in social and ecological regional contexts in which agricultural production occurs (Fig. 3) .
These commodity-based food systems encompass markets for industrial inputs (e.g. fertilisers, pesticides), animal feeds (e.g. soya bean meal), raw/bulk agricultural commodities (e.g. wheat) and minimally processed foods (e.g. durum wheat semolina). They are increasingly based on markets of fractionated raw products as standardised and often interchangeable components (e.g. sugars, oils) and ultraprocessed food based on these components (Khoury et al. 2014; Levidow et al. 2014; Marsden 2012; Monteiro et al. 2013; Tilman et al. 2002) .
Commodity-based food systems have actively globalised in recent decades. This globalisation has concentrated power in large companies and retailers which manage complex and long-distance industrial supply chains in and between which relationships and competition are centred on prices in globalised commodity markets. In these globalised commodity-based food systems, farmers receive an everdecreasing share of the total added value and often have an ever-decreasing decisional autonomy about what and how to produce (O'Kane 2012; Marsden 2011; Murdoch et al. 2000; Simoncini 2015) .
The rapid development of globalised food systems in recent decades had a strong influence on the homogenisation of national food systems (Khoury et al. 2014 ) and on human health (e.g. Monteiro et al. 2013; O'Kane 2012) . The globalisation of food systems does not preclude organising agricultural markets at regional levels. They develop when regional commodities are competitive in the global market (e.g. sunflower or rapeseed meal versus soya bean meal).
Commoditisation and globalisation of food systems also have strong negative environmental impacts (O'Kane 2012). The main environmental impacts of indus trialisation and specialisation of farming systems and regions are presented in Box 1. It is important to note that negative environmental impacts of globalised commoditybased food systems depend not only on farming practices but also on consequences of long-distance trading. For example, from 1961 to 2010, the amount of "nitrogencontaining products" traded between countries increased nearly 8-fold and now represents one third of the nitrogen embedded in the total global agricultural production. Most are included in animal feed, with soya bean products representing the largest portion (44%), provided by a few countries, mainly the USA, Argentina and Brazil (Lassaletta et al. 2014) . Concentration of nitrogen flows due to imports into certain production regions (e.g. livestock-oriented) induce a cascade of transfers and transformations that often severely contaminate the air, water and soil in these regions (Billen et al. 2013 (Billen et al. , 2014a (Billen et al. , b, 2015 Bodirsky et al. 2012; Galloway et al. 2003 Galloway et al. , 2008 . In contrast, food systems which depend less on large-scale trade generally emit less nitrogen into the environment (Billen et al. 2015) .
Circular economies
Regional, national (e.g. China, France, UK) and supranational (e.g. European Union) policies promote development of circular economies to increase economic and environmental performances of economic activities, including agriculture. Circular economy is rooted in ecological and environmental economics and industrial ecology. Circular economies developed in opposition to linear and open management of material and energy flows in industrial supply chains, in which downstream pollution and waste emissions are spatially separated from upstream production systems, such as in globalised commodity-based food systems (see previous section). Based on the "3R" principles -Reduce, Reuse, Recyclecircular economies develop eco-efficient and closed loops of material and energy at the company, local or regional levels to strongly decrease resource scarcities, waste and pollution and, possibly, to improve economic performances (Ghisellini et al. 2014; Lieder and Rashid 2016) . In other words, the challenge is to transform linear economies organised like a river into circular economies that function like a lake (Stahel 2016) . Regarding the production sector at the local or regional level, circular economies aim to develop "symbiosis networks" of a variety of complementary agents in which outputs or "wastes" of one agent are used, directly or indirectly, as inputs by another. Performances of circular economies are assessed using a life cycle perspective of the entire agent network. Circular economies are developed via top-down and "command and control" approaches (e.g. China) or bottom-up approaches based on local agent initiatives (e.g. environmental organisations in Europe). Developing circular economies may require redesigning production systems, infrastructure, cultural frameworks or social systems (Ghisellini et al. 2014) .
Regarding agriculture, this form of territorial integration of economic activities may provide farming systems with (i) alternative locally produced inputs such as organic matter and nutrients derived from wastes to increase soil organic matter content and associated ecosystem services and (ii) opportunities to market biomass for energy production at local or regional levels (dedicated crops or residues such as straw). By creating new markets, mainly for bioenergy, circular economies provide farming systems with key opportunities to
Main objectives and characteristics Scales
Globalised commoditybased food system -Increase productivity and efficiency via industrial processes and standardised techniques -Generic and standardised commodities without specific quality, leading to competition centred on globalised market prices -Concentration of power in large companies while farmers have an ever-decreasing share of the total added value and decisional autonomy -Negative impacts on the environment and human health -Regional or global levels -Exchanges occur at the regional level when regional products are competitive in the global market Circular economy -Developed in opposition to linear and open globalised commodity-based food systems, to limit resource scarcity, waste and pollution and possibly improve economic performances -Based on the "3R" principles (reduce, reuse, recycle) and "symbiosis networks" of a variety of complementary agents to develop eco-efficient and closed loops of material and energy -Farming systems use organic matter (for soil fertility) or produce biomass (for bioenergy) -Provides farming systems with (i) alternative locally produced inputs (e.g. organic matter) and (ii) opportunities for diversification (e.g. biomass for energy production) -Local or regional levels Alternative food system -Developed in opposition to globalised food systems to address issues of human health, environment conservation, animal welfare, taste and freshness, local producers and development -Specialised agricultural products produced with specific knowhow or in a specific "place" or targeted to specific consumers -Local product or local production to "re-spatialise food" -"Value-based supply chains" based on trust, collaboration, transparency and equitable relationships between all participants to "re-socialise food" -Food has multiple forms of value (beyond the price) -Provides farmers and local economies with opportunities to retain a larger portion of added value and supports diversified farming systems and landscape conservation -Local, regional or global levels Integrated landscape approach -Rural/territorial development projects that support and are supported by development of multifunctional landscapes to meet social expectations about ecosystem and socio-economic services -Integrated management of the nexus of Food/Non-food/Natural Resources to develop local/regional sustainable agriculture -Collective governance of multiple land managers to design the spatial distribution of land use (crop-grassland pattern) and seminatural habitats to increase the targeted ecosystem services provided to farmers, inhabitants and the global population -Provides farmers and local economies with opportunities to retain a larger portion of added value and supports diversified farming systems and landscape conservation -Local or regional levels (e.g. rural park level) Fig. 3 Main features of key nonexclusive socio-economic contexts that determine the biotechnical functioning of farming systems. Territorial embeddedness, i.e. social, spatial and ecological issues which mitigate purely economic relationships and behaviours centred on global market prices, is assumed to increase from top to bottom. Because each socioeconomic context can take many forms with different types of territorial embeddedness, the relative position of each is illustrative and does not follow a strict order (see Fig. 4 ). The local level is the level at which individual or groups of municipalities or administrative districts implement rural development projects. The regional level lies between local and global levels and usually corresponds to areas within countries or across neighbouring countries diversify (Kline et al. 2016 ) and reduce greenhouse gas emissions (Ghisellini et al. 2014) .
Development of trading between specialised crop and livestock farms (e.g. especially organic fertilisers such as manure, straw or even animal feed) is a model of circular economy limited to agriculture. Developing exchanges between specialised farms can provide opportunities to diversify (e.g. introducing lucerne, grain legumes, or grasslands in cropping systems). Exchanges between crop and livestock systems may increase soil organic matter through manure application or enhance biological regulations through spatiotemporal crop diversification. Logistical (transport and processing) and economic issues (market stability) can be managed directly by farmers or other economic agents, such as agricultural cooperatives (Martin et al. 2016; Moraine et al. 2016) . Trading can also be developed between farming systems and other operators of the food supply chain (e.g. food processing, transporting) or other sectors of activity (e.g. production of organic "waste") (Nitschelm et al. 2015) .
Developing local or regional circular economies provides farming systems with opportunities to short-circuit globalised supply chains for certain locally managed inputs and products. Local or regional circular economies most often seek to develop ecological and spatial embeddedness.
Alternative food systems
Alternative food systems have actively developed in OECD countries in opposition to globalised commodity-based food systems (Albrecht et al. 2013; Lerman 2012; Lyson and Guptill 2004; Murdoch et al. 2000; Penker 2006; Sonnino and Marsden 2006) . They are organised around networks of producers and consumers, possibly with intermediaries. They seek to "re-socialise" or "re-spatialise food" , i.e. to develop "food from somewhere" (Campbell 2009 ). By developing social, spatial and ecological embeddedness, they are assumed to address consumer concerns about human health (e.g. food safety, zoonotic diseases, nutrition), environmental issues, animal welfare, taste and freshness and to support small or local producers, local skills and rural and territorial developments (Lyson and Guptill 2004; Penker 2006; Sonnino and Marsden 2006) . Alternative food systems are based on specialised (versus standardised) and dedicated (versus generic) agricultural products. Specialised products are produced with specific knowhow or in a particular "place" so that the quality of the product is an important component of its competitiveness (Murdoch et al. 2000) . They provide integral and comprehensive product identity via quality characteristics that consumers recognise (Levidow et al. 2012 ). According to Renting et al. (2003) , "it is not the distance over which the product is transported that is critical, but the fact that it is embedded with value-laden information when it reaches the consumer". However, claiming a particular quality (e.g. origin) does not preclude adopting the industrial and commercial criteria required for economic performances (Lerman 2012; Murdoch et al. 2000) . Dedicated products are targeted to specific consumers attached to the values which the products provide (e.g. ecology or equity) (Murdoch et al. 2000) .
Alternative food systems can be classified according to the type of food supply chain (e.g. face-to-face, spatial proximity, spatially extended for export) and the degree to which they focus on an ecological or regional identity (Marsden et al. , 2012 . Accordingly, they can develop at local and regional levels and through longer value-based supply chains oriented towards export (Marsden et al. , 2012 Murdoch et al. 2000) . They can be a component of hybrid supply chains, which incorporate purely economic commodities and non-economic integral product values and goals (Bloom and Hinrichs 2011; Lerman 2012; Murdoch et al. 2000; Sonnino and Marsden 2006) .
Alternative food systems are often organised around "value-based supply chains" defined by trust, collaboration, transparency or equitable relationships between all participants, i.e. high social embeddedness (Lerman 2012) . They are often considered one of the greatest opportunities for farmers and local economies to retain a larger portion of added value within food systems (Lerman 2012; Sonnino and Marsden 2006) . More generally, alternative food systems can provide important rural development opportunities for added value and social networks Marsden 2012 ).
In alternative food systems, two main non-exclusive strategies can help to develop spatial embeddedness: (i) indicating geographic origins across regional and global markets (localised production) and (ii) developing a "local food system" (local product). The latter was first conceptualised by French scholars in 1996 as "Systèmes Agroalimentaires Localisés". In the former, "local" refers to the location (positionality) of elements in the supply chain, while in the latter, it refers to the fact that food systems are anchored into a given territory, i.e. a space with specific biophysical, social and cultural dimensions (Bowen and Mutersbaugh 2014) . Local food systems can "short-circuit" the long industrial supply chains in global food systems Sonnino and Marsden 2006) .
Through ecological embeddedness, alternative food systems can provide farmers with opportunities to develop or conserve specific farming systems (e.g. biodiversity-based) instead of adopting standard, recommended or contracted practices associated with industrial supply-chain management (Murdoch et al. 2000 ; O'Kane 2012). Consequently, alternative food systems are often promoted by organisations responsible for preserving or developing local or regional biodiversity and multi-service landscapes (e.g. rural parks ; Pinna 2016; Simoncini 2015) .
Although alternative food systems are often idealised, it remains difficult to assess the effectiveness and resilience with which they can meet goals of sustainable agriculture and rural development (Albrecht et al. 2013; Lerman 2012; Sonnino and Marsden 2006) . For example, local supply chains may have greater energy consumption and greenhouse gas emissions per unit of product due to the lack of economy of size (Lerman 2012) .
Integrated landscape approaches
The landscape level is increasingly considered the most suitable and productive for addressing sustainability issues (Freeman et al. 2015; Reed et al. 2016; Sayer et al. 2013; Wu 2013 ). Studies about "landscape approaches" provide conceptual frameworks, principles and guidelines to implement sustainable projects at local or regional levels (Freeman et al. 2015; Milder et al. 2014; Reed et al. 2016; Sayer et al. 2013) .
Sectoral and integrated landscape approaches have been identified as the two main initiatives to address sustainability issues at the landscape level (Freeman et al. 2015) . Sectoral landscape approaches address one of few environmental goals, such as water deficit management (e.g. Murgue et al. 2015) , territorial crop-livestock integration (e.g. Moraine et al. 2016) , hedgerow networks (e.g. Groot et al. 2010) , biological regulations (e.g. Gaba et al. 2014; Scherr and McNeely 2008; Steingröver et al. 2010 ) and biodiversity conservation (e.g. Berthet et al. 2012 ). They require a landscape design approach (Nassauer and Opdam 2008) based on landscape agronomy, i.e. analysis of interactions among agricultural activities, the landscape matrix and natural resources (Benoît et al. 2012) .
Integrated landscape approaches (or initiatives) are framed around the multi-functionality of landscapes to meet multiple socio-economic and environmental objectives. They are based on identification, analysis and explicit management of tradeoffs between objectives via collaborative transdisciplinary approaches integrating generic and local knowledge. They most often use holistic, negotiated and transparent methods to address sustainability issues (Freeman et al. 2015; Milder et al. 2014; Reed et al. 2016) . In these approaches, landscapes are often conceptualised as complex adaptive social-ecological systems made up of ecological and social processes in interaction at different levels (Biggs et al. 2012; Duru et al. 2015b; Freeman et al. 2015; Wu 2013) .
The objective of integrated landscape approaches is to develop rural/territorial development projects which support and are supported by the development of multi-functional landscapes that meet social expectations about ecosystem and socio-economic services. By nature, these territorial development projects are based on strong territorial embeddedness, and agriculture is one of the key economic sectors involved. They may enable the development of an "eco-economy paradigm which replaces, and indeed relocates, agriculture and its policies into the heart of regional and local systems of ecological, economic and community development" (Marsden 2012 , see also Horlings and Marsden 2011) . The eco-economies would recapture "value at the local and regional level by creating ecologically based products and services, which then create market and consumption niches" (Marsden 2010) .
Developing landscapes that supply multiple ecosystem services requires collective governance of multiple land managers to design the spatial distribution of agricultural land use (crop-grassland pattern) and non-crop habitats, which may increase levels of ecosystem services which depend on landscape composition and configuration (e.g. biological regulations, mass and liquid flow regulations) (Mastrangelo et al. 2014; Wu 2013) . One challenge is to develop landscapes which can provide expected ecosystem services to farmers, local inhabitants and the global population (e.g. global climate regulation). Similar to sectoral landscape approaches, this requires landscape design and agronomy approaches. Another challenge of collective multi-service landscape management is to address uncertainties in ecological processes, effects of management practices on the landscape and its processes and the lack of control over individual practices at the landscape level. Adaptive landscape management strategies are required to address these uncertainties. Like management of biodiversity-based farming systems, it is based on iterative cycles of design, implementation, monitoring and assessment (see Sect. 2.3). Specifically, it should be based on conceptualising the landscape as a complex adaptive socialecological system, structured participatory and social learning processes and polycentric sub-systems of governance (Duru et al. 2015b; Biggs et al. 2012) .
Agricultural issues in integrated landscape approaches (or territorial development projects) are mainly concerned with food quantity and quality, biomass production for non-food use (bioenergy and industrial use), ecosystem and human health, ecosystem services to farmers and society, natural resource management (including biodiversity conservation) and socio-economic issues (e.g. Freeman et al. 2015 , Milder et al. 2014 Reed et al. 2016; Sayer et al. 2013) . Food, energy and technological sovereignty are often additional key issues. They can be broadly defined as the right of nations and people to design or control their own food and energy systems and agro-ecological technologies Duru et al. 2015b; Kline et al. 2016; Koohafkan et al. 2012; Marsden and Farioli 2015) .
In brief, the challenge for agriculture in integrated landscape approaches is to manage the "nexus of Food/Nonfood/Natural resources" (including ecosystem services) to ensure the development of local/regional sustainable agriculture which contributes to sustainable development as a whole, from local to global levels. Here, developing circular economies is a major way to address the challenge of local or regional bioenergy production (Kline et al. 2016; Marsden and Farioli 2015; Milder et al. 2014) . Duru et al. (2015b) outline conceptual and methodological frameworks to help stakeholders design the agro-ecological transition at local or regional levels to manage this nexus. They highlight the need to consider objectives of, limitations of, and interactions among farming systems, supply chains and natural resource management.
Integrated landscape approaches require strong social, spatial and ecological embeddedness. Trust, transparency and equitable relationships among all participants are key social dimensions for the success of these approaches (Freeman et al. 2015; Reed et al. 2016; Sayer et al. 2013) . Landscape projects are spatially embedded because they are deeply anchored to a given territory. Ecological concerns are necessary in the development of agricultural activities which meet local, regional and global sustainability objectives in the medium to long terms Penker 2006; Pinna 2017) . More generally, the success of integrated landscape approaches is strongly determined by governance practices (Biggs et al. 2012; Duru et al. 2015b; Kline et al. 2016; Marsden and Farioli 2015; Sayer et al. 2013 ).
Diversity of agriculture models and knowledge gaps in agronomy
Considering the three types of farming systems (Sect. 2) and the key characteristics of the main socio-economic contexts in which they can be embedded (Sect. 3), we developed an analytical framework of the diversity of agriculture models (Fig. 4) . Each agriculture model corresponds to a type of farming system associated with one or a combination of socio-economic contexts. Therefore, two dimensions characterise each agriculture model: (i) the balance between external inputs versus ecosystem services in the biotechnical functioning of farming systems (vertical axis; Figs. 2 and 4) and (ii) the balance between the relationships farming systems have with their socio-economic environment, i.e. relationships based on global market prices versus territorial embeddedness (vertical axis in Fig. 3 and horizontal axis in Fig. 4) . The composite axes of Fig. 4 explicitly represent both balances which underpin the corresponding dimensions.
Using this framework and given potential and consistent relationships between the three types of farming systems and the four socio-economic contexts characterised in the previous section, we identified six agriculture models which address sustainability issues of the industrial agriculture model in different ways. We identified these key agriculture models because they represent the main existing and studied models and raise major agronomic research issues. This list is not intended to be exhaustive and may be supplemented with future studies (see Sect. 5.2). Some of the agriculture models are well developed and correspond to the main socio-technical regime; others correspond to niches or are potential forms of agriculture within a given region or OECD country (Duru et al. 2015b ). In most territories, different agriculture models coexist (see Sect. 5.5).
Hereafter, we first present agriculture models involving chemical and biological input-based farming systems and then those involving biodiversity-based systems. For each, we identify key research issues in agronomy.
Chemical input-based farming systems in globalised commodity-based food systems
The first agriculture model identified corresponds to chemical input-based farming systems (specialised cash-crop and livestock farms) embedded in globalised commodity-based food systems (lower left quadrant of Fig. 4) . This is the dominant agriculture model in Western Europe and USA (Levidow et al. 2014; Lyson and Guptill 2004) . Economic resilience of these farming systems to price variability and biophysical hazards can be supported respectively by contracts and insurance schemes, both provided by globalised commodity-based food supply chains. These insurance instruments may lead farmers to plant riskier cash crops more often, resulting in relatively more monocultures (Müller and Kreuer 2016) . In this agriculture model, large companies and retailers often retain most of the added value (Sect. 3.1). Because they are integrated in dynamics of large-scale commodity-based food systems, these farming systems are often poorly connected to local natural resource management issues and strategies, leading to conflicts over issues such as water shortages due to irrigation, water quality due to pollution and erosion due to bare soils. A typical example of this decoupling is the world soya bean market, which grew strongly during the 1990s and led to high environmental impacts in regions where soya bean is grown (e.g. pesticide pollution, deforestation) as well in those where it is used as feed for specialised and concentrated livestock enterprises (i.e. nitrogen emissions) (Billen et al. 2014a, b, Sect. 3.1) .
To increase (weak) sustainability of this agriculture model, much research currently focuses on two main strategies. The first seeks to develop smart agricultural technologies (e.g. genetic engineering, precision farming, new fertilisers and pesticides) to increase input-use efficiency. Breeding highproducing cultivars and breeds less sensitive to limiting and reducing factors is a continual research issue. Developing best management practices to apply the "Right Product, Right Rate, Right Time, and Right Place" remains a challenge (Spiertz 2012) . It seems that there is still much room to improve efficiency of (i) nitrogen and phosphorus fertiliser use (Goulding et al. 2008; Cordell et al. 2011) , including use of "enhanced-efficiency fertilisers" such as controlled-release fertilisers and nitrification/urease inhibitors (Timilsena et al. 2015) , (ii) water use (Ali and Talukder 2008; Playan and Mateos 2006) and (iii) pesticide use (e.g. Gaba et al. 2016; Hossard et al. 2016; Lechenet et al. 2017) . Research is still needed to estimate the room for improving these efficiencies, to assess potential impacts on agricultural and environmental performances from field to landscape/catchment levels in different production situations and to develop the knowledge required to implement best management practices. The second strategy seeks to develop knowledge about landscape features which can minimise diffusion of pollutants in aquatic ecosystems (e.g. grassed and riparian buffer strips/zones, Anbumozhi et al. 2005; Borin et al. 2010; Correll 2005) . Developing user-friendly decision-support systems which integrate up-to-date scientific knowledge remains a challenge for research seeking to support this agriculture model.
Biological input-based farming systems in globalised commodity-based food systems and circular economies
Biological input-based farming systems usually are also embedded in and mainly interact with globalised commoditybased food supply chains for the supply of biological inputs (e.g. biostimulants, biopesticides, external organisms) and trading of their products. However, they may evolve due to additional opportunities provided by circular economies to replace chemical inputs with biological inputs and for diversification (e.g. biomass production for bioenergy). These two degrees of integration in globalised commodity-based food systems helped us to distinguish two agriculture models (lower left and right quadrants in Fig. 4) . When biological inputbased farming systems are involved in circular economies, they are more embedded in territorial socio-economic dynamics (Sect. 3.2).
Biological input-based farming systems are strongly promoted by both the European Union and policies of its Member States (Levidow et al. 2014) . In both models, however, use of living biological inputs for biological control remains in its infancy. While their effects are well known, and their efficacy has been demonstrated by research on some iconic living inputs (e.g. inoculation of Rhizobia in leguminous cropping systems; Lemanceau et al. 2015) , the actual effects of many biological inputs s u c h a s b i o s t i m u l a n t s h a v e n o t b e e n s o u n d l y Fig. 4 Six key models of agriculture (blue text) according to the degree to which biotechnical functioning of farming systems (FS) is based on ecosystem services versus external inputs (Y-axis) and the degree to which their relationships with socio-economic contexts are based on global market prices versus territorial embeddedness (X-axis). Iconic examples are presented in grey. CA conservation agriculture, ICLS Integrated Crop Livestock System demonstrated at the field level (Reeve et al. 2016 ). Moreover, they generally have low resilience, leading farmers to apply them regularly (e.g. annually). One reason may be that these products are used in the same way as chemical products, although "being biological these products have to be applied in accordance with their ecological requirements" (Alabouvette et al. 2006) . Furthermore, it is still necessary "to carefully study the effect of inoculum type, application rate and time of application to ensure efficacy of biological control" (ibid). In other words, best management practices remain to be defined. For example, efficacy of biopesticides (Cordeau et al. 2016) , alone or in combination with chemical pesticides, possible development of resistance like that developed to chemical pesticides (Siegwart et al. 2015) and effective application technologies and practices (GanMor and Matthews 2003) require sound multidisciplinary scientific research (Hynes and Boyetchko 2006; Glare et al. 2012) .
Research on dynamics of nutrient availability is also needed to manage organic fertilisation effectively, especially in the context of an increasing diversity of organic resources and development of minimum tillage. Furthermore, management of soil organic matter must be designed not only to consider organic matter as a source of plant nutrients but also to foster carbon sequestration or prevent soil erosion. Consequently, interactions between several ecosystem services have to be analysed (Kirkby et al. 2014; Noellemeyer and Six 2015) . Here also, user-friendly decision-support systems have to be developed.
Integrating biological input-based farming systems in local or regional circular economies raises specific research questions. Most are rooted in industrial ecology and require assessing characteristics and effects of products with different potential uses (e.g. biogas production), reuse and recycling (e.g. providing organic matter to soils), etc. Moving from the farm to the local or regional level to close material and energy cycles requires coordination among agricultural stakeholders and stakeholders in other sectors (see Sect. 3.2). Considering the local or regional characteristics of food systems, Fernandez-Mena et al. (2016) argue that the scientific field of "agro-industrial ecology" should be developed to provide methods and decision-support systems to analyse, design and assess recycling loops and explore circular-economy options.
4.3 Biodiversity-based farming systems in globalised commodity-based food systems and territorial socio-economic contexts
We identified three main consistent agriculture models by considering possible or synergetic interactions between biodiversity-based farming systems and the different socioeconomic contexts explored. Importantly, the lack of attractive markets for certain key crops, such as legumes, which allow for diversification of cropping systems, is an important "lockin" which impedes development of biodiversity-based farming systems (Magrini et al. 2016; Meynard et al. 2013) . In each of the three agriculture models described below, this problem is solved by different non-exclusive diversification levers: alternative food systems, circular economies (e.g. exchange of products between farms) or integrated landscape approaches. Below, we present the three agriculture models, their common research issues and their specific research issues.
The first agriculture model corresponds to biodiversitybased farming systems developed in socio-technical niches, such as those related to conservation agriculture, agro-forestry, integrated crop-livestock systems and self-sufficient grassland-based livestock systems (upper left quadrant of Fig. 4) . When no other solution exists or prices are attractive, farmers sell agricultural products in globalised commodity-based food supply chains, like the two first types of agriculture models. Diversified crops, which are difficult to sell in this type of supply chain, are fed to animals (on the same farm or by trading between crop and animal farms), or directly sell to consumers, which is a form of alternative food system directly managed by the farmer.
In the second model of biodiversity-based agriculture, diversified farming systems expand widely or are maintained in a given territory due to development of alternative food systems at the local, regional or global level via adapted valueladen supply chains (upper right quadrant of Fig. 4 , see Sect. 3.3) . This model of agriculture can be based on developing both alternative food systems and circular economies (as represented in Fig. 4) to increase opportunities to diversify farming systems. This provides opportunities to develop local or regional "integrated food-energy systems" (Metereau and Figuière 2014) . The objective is then to develop synergies between food and energy productions with positive influence on ecosystem services (e.g. Werling et al. 2014) .
Developing an integrated landscape approach, which combines collective multi-service landscape management and the development of alternative food systems and circular economies, corresponds to the third agriculture model involving biodiversity-based farming systems (upper right quadrant in Fig. 4 ). Integrating these three diversification levers seemed to us the best way to develop biodiversity-based farming systems and their expected benefits from field and farm to local, regional and global levels. This should help to address sustainable management of the Food/Non-food/Natural resources nexus, which determines local-to-global sustainability of agriculture (Kline et al. 2016; Marsden 2012; Robledo-Abad et al. 2016) .
Even though the first agriculture model involving biodiversity-based farming systems represents relatively few farming systems, it does exist in most OECD countries (upper left quadrant of Fig. 4) . The two latter agriculture models (upper right quadrant of Fig. 4) , particularly the last one, are currently very marginal or do not really exist in many regions of developed countries. In the last two agriculture models, some raw agricultural products of farming systems may be still sold through globalised commodity-based food supply chains (Fig. 4) . Alternative and globalised commodity-based food systems thus co-exist (see Sect. 5.5).
The three agriculture models involving biodiversitybased farming systems have common research issues. First, breeding of cash-crop cultivars adapted to intercropping and use of few external inputs, and of cover plants selected to provide targeted functions or services (e.g. soil structuring, phosphorus solubilisation, stimulation of beneficial soil biological activity) in mixture or crop sequence, are key research areas (Gaba et al. 2014; Reeve et al. 2016) . To ensure adaptation of species or cultivars to specific sites and functions, new breeding objectives and programmes should be developed. Developing local or regional participatory breeding is a promising approach for which research must develop adapted knowledge and procedures (Costanzo and Barberi 2014) .
Second, research must provide useful knowledge to develop adaptive management of biodiversity-based farming systems and multi-service landscapes. The challenge for research is to develop generic agro-ecological knowledge about relationships between management practices, associated biodiversity and ecosystem services and to transform them into actionable knowledge in specific action situations (Geertsema et al. 2016; Duru et al. 2015a; Caron et al. 2014; Landis 2016; Šūmane et al. 2017; Werling et al. 2014) . Several research strategies based on different (agro-)ecological approaches can provide such actionable knowledge, such as (i) functional ecology approaches (response-and-effect plant traits) to identify species/cultivar growth, either alone or in mixtures (Duru et al. 2015a; Faucon et al. 2017; Gaba et al. 2014a) ; (ii) landscape ecology approaches, possibly combined with functional ecology (e.g. Fahrig et al. 2011; Schellhorn et al. 2015) , to analyse and estimate relationships between landscape characteristics and ecological processes; (iii) network-based approaches to analyse and manage impacts of human activities on ecological networks (Bohan et al. 2016; Hagen et al. 2012) and (iv) environmental gradient approaches to analyse and estimate relationships between agricultural practices and species distribution (e.g. for weed management; Gaba et al. 2014 ). The additional potential and possible integration of these different research strategies remain to be analysed. Strategies are also needed to manage slow variables related to soil characteristics (Drinkwater and Snapp 2007; Reeve et al. 2016) . Operational knowledge to develop strategies to use external inputs (chemical and biological) which support (e.g. organic fertilisers) or do not impair (e.g. pesticides) ecosystem services is another key research topic (Reeve et al. 2016 ).
In addition to generic knowledge about the functioning of agricultural ecosystems and landscapes, research should also develop participatory procedures and operational tools to design and assess diversified farming systems and landscapes, possibly based on modelling, and operational methods to monitor their dynamics (Duru et al. 2015a, b; Freeman et al. 2015; Mastrangelo et al. 2014; Reed et al. 2016; Voinov et al. 2016) . For example, research could develop tools to design the spatial distribution and management of non-crop habitats at farm and landscape levels (e.g. Tzilivakis et al. 2016 ). More generally, how new information and communication technologies (ICT) can be used to render scientific knowledge accessible and operational or to collect experience feedback from farmers have to be explored (Dowd et al. 2014; Duru et al. 2015a) .
In the second agriculture model involving biodiversitybased farming systems, a specific research issue in agronomy is to develop useful knowledge to help local/regional stakeholders design and manage alternative food systems to promote soil, plant, animal and ecosystem health and, in turn, human health (Reeve et al. 2016; Vieweger and Döring 2014) and its resilience ). In this model, developing integrated food-energy systems requires extending analysis, design and assessment of agro-industrial ecology approaches (Metereau and Figuière 2014; see Sect. 4.2) . As for circular economies in general (Ghiselli et al. 2014) , organising exchanges between farms raises important governance and social organisation issues for socio-economic research (Martin et al. 2016; Moraine et al. 2016) .
To support development of the third agriculture model involving biodiversity-based farming systems, agronomic research must provide "actionable knowledge" and participatory methods for collective design of socially relevant integration of circular economies, alternative food systems and collective management of multiservice landscapes (Duru et al. 2015a, b; Geertsema et al. 2016; Mastrangelo et al. 2014) . Importantly, to support integrated landscape approaches, research must develop methods to analyse trade-offs between objectives (including ecosystem services) and define associated social compromises (e.g. Rapidel et al. 2015; Sect. 3.4) . Regarding management of multi-service landscapes, one key research issue is to clarify the relative effects of landscape configuration and composition and those of cropping systems (field level) for different ecosystem services, both during farming system transition and after biodiversity-based farming systems are wellestablished (e.g. Duru et al. 2015a; Emmerson et al. 2016; Tamburini et al. 2016) . Research should analyse and highlight trade-offs, synergies or neutral relationships between ecosystem services from field to landscape levels according to the biophysical and technical contexts (Mastrangelo et al. 2014; Wu 2013) .
Discussion
Added value of the analytical framework
To date, most studies of farming systems and agriculture models have addressed only (i) the diversity of their biotechnical functioning or socio-economic contexts (references in Sects. 2 and 3), (ii) specific types of farming systems (Sect. 2) or specific socio-economic contexts (Sect. 3) or (iii) specific combinations of the two dimensions (e.g. simplified or diversified organic systems in industrial globalised or alternative food systems in Darnhofer et al. 2010) . Our framework addresses both the biotechnical functioning of farming systems (vertical axis; Fig. 4 ) and the characteristics of their socioeconomic context (horizontal axis; Fig. 4 ) across all gradients of both dimensions to characterise key agriculture models.
Our new analytical framework (Fig. 4) allows a variety of existing or future agriculture models to be identified and described. It highlights and clarifies the wide diversity of agriculture models currently hidden behind coarse descriptors such as ecological intensification, "agro-ecology" and "organic agriculture". These classifications usually encompass several of the six agriculture models.
Organic agriculture is often presented as a promising path to sustainable agriculture. However, organic farming systems are included in all the five agriculture models not based on chemical inputs. Organic farming systems based on biological inputs and developed in industrial globalised food systems represent the "conventionalisation" of organic farming systems Darnhofer et al. 2010) .
Products with labels of origins can be produced in all six agriculture models identified Murdoch et al. 2000) . They can be produced by input-based agricultural farming systems and traded through globalised commoditybased food systems with low social, spatial and ecological embeddedness and little or no additional added value for farmers or the local/regional economy (e.g. geographical indications oriented to economic efficiency; Parrott et al. 2002) . They also can be traded in short or long supply chains in alternative food systems with strong social, spatial or ecological embeddedness and, in turn, equally distribute added value to all participants (e.g. the French cheese "Comté" protected designation of origin, Bowen 2010; Parrott et al. 2002) . Accordingly, our analytical framework of agriculture models greatly helps to clarify the main characteristics of these different farming systems and socio-economic contexts in both absolute and relative terms. It can also help to clarify the multilevel structure of the agri-food sector, in which the boundaries between local and "global" are often blurred (Murdoch et al. 2000) . Using the concept of embeddedness to characterise the socio-economic contexts which determine farming system functioning provides criteria useful for finely describing agriculture models.
Generic character of the analytical framework and agriculture models
We developed the analytical framework to classify agriculture models which address environmental issues raised by the development of industrial agriculture. Accordingly, it is adapted for analysing agriculture models in regions of countries in which industrial agriculture developed, such as intensive agricultural zones in OECD countries. Because the concepts used to develop this framework are generic, it is suitable for analysing the diversity of agriculture models in developing and tropical countries, where socio-economic limitations (e.g. investment capacity) make it challenging to follow the paradigm of industrial agriculture. For example, it could be easily adapted to the autonomous farming systems based on manual human and animal labour which exist in these countries.
The six agriculture models identified are "archetypes" that help render the diversity of models tractable and identify associated specific and common research issues. They are, to a certain degree, arbitrary and depend on the type of analysis chosen and the questions addressed. For example, we did not present agriculture models corresponding to input-based or biodiversity-based farming systems involved in sectoral landscape approaches, as they may not emphasise specific research questions.
These archetypes, which are useful for analysing diversity, should not hide the wide diversity in the "real world". These archetypes lie on continuous gradients of biotechnical functioning of farming systems and their socio-economic contexts, as represented by shaded areas in Fig. 4 .
We believe that the analytical framework and agriculture models will help to finely describe the diversity of agricultures. Both could change according to results of future studies that would use or challenge them. For example, the lists of farming systems, territorial contexts and agriculture models are not definitive and exhaustive; they should be refined and extended.
Technologies and bioeconomy in agriculture models
All of the agriculture models identified require adapted cultivars, farm machinery and ICT. While precision-agriculture technologies are well adapted to input-based farming systems, the equipment and ICT required for the other models remain to be finely defined to determine whether the models have specific requirements.
All of the agriculture models identified can help develop a bioeconomy, which has gained importance in both research and policy debates in the past decade and is frequently argued to be a key part of the solution to multiple grand challenges (Bugge et al. 2016) . Input-based agriculture models are more oriented towards developing a global bioeconomy focused on processing and upgrading biological raw materials, as well as on establishing new associated large-scale supply chains. In agriculture models more integrated within territorial contexts (right half quadrant of Fig. 4) , much attention may be paid to developing a bioeconomy at local or regional levels (e.g. through circular economies) via sustainable management of the nexus of Food/Non-food/Natural resources. Here, the bioecology vision of sustainability prevails, i.e. promoting biodiversity and avoiding monocultures and soil degradation to optimise energy efficiency and production (Bugge et al. 2016) .
Multi-level and multi-criteria assessments of agriculture models
Public funding of one or several co-existing agriculture models may depend on sound assessment of their sustainability performances. To support public decision-making, research must develop adapted multi-criteria approaches that consider both static and dynamic dimensions of sustainability: (i) levels of economic, social and environmental performances, as well as agricultural production and (ii) the ability to ensure long-term sustainability of these levels, i.e. their resilience (Duru and Therond 2014) .
Regarding the static dimension of sustainability, multicriteria approaches should help consider levels of and tradeoffs between metabolic performances (resource-use efficiency and associated negative environmental impacts), ecosystem services and disservices, biodiversity conservation and economic and social (including health) performances (e.g. Barot et al. 2017; German et al. 2016; Moraine et al. 2016) at key levels of decision-making, such as the cropping system, farming system, local, regional, national and global levels (Caron et al. 2014 , Ewert et al. 2011 . They also need to help identify trade-offs between ecosystem services to farmers and to society from field to global levels.
Regarding the dynamic dimension of sustainability, multicriteria approaches should (i) clarify properties of the agriculture models that influence their resilience and (ii) assess the resilience of the models to socio-economic and biophysical hazards (Duru and Therond 2014) . They should help to determine whether agriculture models based on biodiversity and territorial contexts are more economically and biophysically resilient.
These multi-criteria and multi-level assessment approaches should explicitly address the great challenges of agriculture, such as influence on and adaptation to climate changes; scarcity of non-renewable resources (including phosphorus); food, energy and technological security; and sovereignty and biodiversity conservation. More generally, they should allow static and dynamic sustainability of different combinations of agriculture models to be assessed at local, regional and global levels in light of the nexus of Food/Non-food/Natural resources.
Co-existence of agriculture models
Agriculture models can co-exist at different organisational levels: farming system, territory and food system. They can co-exist as different enterprises within the same farm, e.g. a livestock enterprise using external inputs and supplying the globalised food system combined with a crop enterprise following conservation agriculture and fully or partially supplying an alternative food system. They often co-exist at local and regional levels and in local or regional rural development projects. They can also co-exist within a given food supply chain in which economic agents use their resources to manage the globalised generic commodity-based supply chain and alternative food systems (Bloom and Hinrichs 2011; Lerman 2012; Murdoch et al. 2000; Sonnino and Marsden 2006) . Our framework can be used to represent the diversity of agriculture models in a farming system (as different enterprises), given territory, food system or territorial development project.
As different agriculture models can and do co-exist in the same area, conditions under which they co-exist should also be clarified. More precisely, biophysical and socio-economic trade-offs, synergies or neutral co-existence at farm, local, regional, food system and global levels have to be analysed (Hervieu and Purseigle 2015; Horling and Marsden 2011; Lyson and Guptill 2004; Marsden 2012; Murdoch et al. 2000; Sonnino and Marsden 2006) . It is necessary to clarify to what extent and under what conditions the presence of input-based farming systems in the landscape is compatible with the objectives of developing ecosystem services at this level. It is also necessary to clarify to what extent co-existence of input-based and biodiversity-based farming systems in the landscape could help reach the objective of biodiversity conservation. It is important to keep in mind that this latter objective provides the greatest challenges to the sustainability of input-based farming system strategies. Regarding biodiversity conservation, the scientific challenge in agronomy is to contribute to and advance the intense debate about the relative merits of "land sharing versus land sparing" strategies (Barral et al. 2015; Ekroos et al. 2016; Kremen 2015) given individual and combined effects of different agriculture models on biodiversity and associated ecosystem services. Conditions of competitive or collaborative relationships and hybridisation between alternative and globalised commoditybased food systems are also to be analysed (Bloom and Hinrichs 2011; Lerman 2012; Murdoch et al. 2000; Sonnino and Marsden 2006; Sect. 3.3) .
It is also necessary to analyse the extent to which agriculture models can complement each other in addressing the great challenges in agriculture (see previous section) and, more generally, the sustainable management of the nexus of Food/Non-food/Natural resources (Kline et al. 2016; Marsden 2012; Robledo-Abad et al. 2016; Sect. 4.3) . Multi-criteria approaches, discussed in the previous section, should enable assessment of sustainability performances of each agriculture model and also of combinations of different models at local, regional or global levels.
Transitions between agriculture models
Finally, conditions for shifting from one agriculture model to another should be analysed and clarified to determine the required incremental, system or transformational changes (Park et al. 2012) . Current research continues to support changing the dominant agriculture model: chemical input-based farming systems embedded in globalised commodity-based food systems. Support for developing the two models involving biological input-based farming systems is growing strongly. Research on developing biodiversity-based farming systems needs to be strengthened, particularly development of territorially integrated forms of agriculture based on diversified farming systems (DeLonge et al. 2016; Levidow et al. 2014; Vanloqueren and Baret 2009) .
Developing biodiversity-based farming systems and multiservice landscapes raises questions about how to manage the "transformational" transition from specialised systems and simplified landscapes to well-established diversified ones. During this transition, variability in ecosystem services may increase greatly until slow variables reach states which provide ecosystem services at expected levels and degrees of biophysical resilience and stability. Uncertainties due to managing diversified farming systems and landscapes may increase during this transition (Duru et al. 2015a ). Consequently and above all, adaptive management strategies of farming systems and landscapes are necessary to manage this type of transition (see Sects. 2.3, 3.4 and 4.3) .
Although this article focused on agronomic research issues, research is also needed on social, institutional, political and governance conditions for developing and managing diversified farming systems, circular economies, alternative food systems and integrated landscape approaches (see, e.g. Bacon et al. (2012) concerning farming systems and Sects. 3.2, 3.3, and 3.4 for the three types of territorial contexts explored).
Conclusion
Given weaknesses of current classifications, we reviewed the literature to develop a sound analytical framework to classify agriculture models seeking to address environmental issues arising from the development of industrial agriculture. It allows assessing the extent to which farming systems are based on external inputs or ecosystem services and are integrated into globalised commodity-based food systems or territorial socio-economic contexts such as circular economies, alternative food systems and integrated landscape approaches. Our framework addresses biotechnical functioning of farming systems and characteristics of their socio-economic contexts along the entire gradient of each dimension to identify and describe different key agriculture models.
Our analytical framework enabled us to identify six key agriculture models which promote greater sustainability and raise agronomic research issues. They describe a diversity of archetypes of agriculture models which hide behind terms such as organic agriculture or which exist under an umbrella of concepts, such as sustainable intensification or agro-ecology.
Our analytical framework led us to identify agronomic knowledge gaps of each agriculture model and transversal ones, such as conditions for their co-existence from farm, local, regional and global levels. For agriculture models involving chemical input-and biological input-based farming systems, development of operational knowledge about the best management practices to follow to apply the Right Product, Right Rate, Right Time, and Right Place remains a scientific challenge. When these farming systems are involved in circular economies, agro-industrial ecology is required to provide decision-support systems to analyse, design and assess circular economy options. For the three agriculture models involving biodiversity-based farming systems, the main agronomic research issues involve development of (i) breeding procedures for cultivars adapted to provide targeted ecosystem services in different production situations; (ii) actionable agro-ecological knowledge in specific production situations about relationships between management practices, associated biodiversity and ecosystem services; and (iii) participatory procedures and operational tools to design and assess diversified farming systems and landscapes and to monitor their dynamics. Biodiversity-based farming systems involved in circular economies and alternative food systems require operational knowledge to develop integrated foodenergy systems. When involved in integrated landscape approaches, knowledge is required to develop integrated management of the Food/Non-food/Natural resources nexus.
Assessing static and dynamic sustainability of these agriculture models requires developing multi-level and multicriteria assessment methods. The latter should allow sustainability performances of different combinations of agriculture models to be assessed at local, regional and global levels in light of the nexus of Food/Non-food/Natural resources. Public funding of research on these agriculture models will determine how much they can develop: "the types of research that are conducted influence the types of knowledge, technology and farming practices that are deemed legitimate and which are profitable" (Hufnagl-Eichiner et al. 2011)! Finally, our analysis of key research issues associated with and transversal to the identified agriculture models focused on agronomy, but issues in the social and human sciences also need to be analysed. More complete understanding and development of methods which support innovation dynamics for each agriculture model and their co-existence will likely require developing social-ecological and transdisciplinary approaches.
